INTRODUCTION {#S1}
============

Overexpression of HER2 occurs in \~25% of all breast cancers due to amplification of the *HER2* locus at 17q12 and is associated with aggressive tumor behavior and poor outcome in the absence of HER2 targeted therapy ([@R47]; [@R48]). However, outcomes have been substantially improved with the use of therapeutic agents that target HER2, such as the monoclonal antibody drugs trastuzumab and pertuzumab, and the small-molecule, orally available tyrosine kinase inhibitors (TKIs) lapatinib and neratinib. Clinical studies with HER2-targeted agents have shown improved outcomes over chemotherapy alone for patients with HER2+ breast cancer in both the metastatic and adjuvant settings ([@R5]). Lapatinib was approved by the US Food and Drug Administration (FDA) for the treatment of HER2+ breast cancer in combination with letrozole ([@R27]) or capecitabine ([@R20]) and shows promise when combined with trastuzumab ([@R6]). Neratinib has recently been approved by the FDA for extended adjuvant treatment of early-stage HER2+ breast cancer ([@R54]). However, responses to these TKIs vary between patients ([@R21]; [@R31]) and in advanced cancers are usually not durable ([@R13]).

Multiple resistance mechanisms have been proposed, but most studies have focused on intrinsic properties of the tumor cells themselves. We sought to determine how both soluble factors and extracellular matrix (ECM) proteins from the microenvironment affect response to the HER2-targeted TKIs lapatinib or neratinib. We were motivated by several recent studies that have demonstrated that extrinsic signals from the tumor microenvironment allow otherwise drug-sensitive cancer cells to escape therapeutic control. Paracrine growth factors ([@R60]; [@R12]), ECM proteins, and physical structure ([@R26]; [@R1]; [@R41]) and hypoxia ([@R50]) all have been implicated in breast cancer drug resistance.

We used an emerging technology, microenvironment microarrays (MEMA) ([@R38]) to study microenvironment effects on anti-HER2 TKI response. MEMA consist of functional proteins printed into well plates to form pads upon which cells grow. We added soluble ligands to each well, allowing us to assess the effects of thousands of unique combinatorial microenvironments on cell response. We found that both soluble and ECM factors from diverse microenvironments diminished responses to the HER2-targeted TKIs. We also showed that the factors conferring resistance differed between luminal-like (L-HER2+) and basal-like (HER2E) HER2+ subtypes as defined by the TCGA ([@R7]). Neuregulin1-β1 (NRG1β) conferred resistance to L-HER2+ subtype cells, and hepatocyte growth factor (HGF) conferred resistance in HER2E cells, but not vice versa. These differential responses to microenvironmental factors reflect fundamental differences in signaling network wiring and architecture in the two subtypes. The microenvironment-mediated resistance was reversed by co-treatment with pertuzumab in L-HER2+ cells and by co-treatment with crizotinib in HER2E cells. Our findings also support the emerging notion that L-HER2+ and HER2E represent distinct diseases. They also suggest clinical studies to test the possibility that differential targeting of resistance factors from the microenvironment in L-HER2+ and HER2E will improve clinical outcome in patients being treated with HER2-targeted TKIs.

RESULTS {#S2}
=======

Microenvironment Microarrays Identify Factors Causing Resistance to Lapatinib {#S3}
-----------------------------------------------------------------------------

Our initial studies used MEMAs ([@R38]) to identify specific soluble and matrix microenvironmental proteins that altered response to lapatinib in HER2+ cell lines. We grew either AU565 cells (representing the L-HER2+ subtype) or HCC1954 cells (representing the HER2E subtype) on comprehensive MEMA sets under lapatinib treatment or control conditions (STAR Methods, [Figure S1A](#SD1){ref-type="supplementary-material"}). Growth of the cells on MEMA allowed assessment of the effects of \>2,500 different combinations of 56 soluble and 46 matrix microenvironment proteins on drug response. We fixed, stained, and imaged the arrays, then quantified the images using Cell Profiler software (STAR Methods, [Figures S1A and S1B](#SD1){ref-type="supplementary-material"}). Data from 256 arrays were normalized by RUV and LOESS regression to reduce variation in cell counts and staining intensity ([@R19]).

We assessed the impacts of the diverse microenvironments after 72 hr of growth on cell count and/or the fraction of cells incorporating 5-ethynyl-2′-deoxyuridine (EdU) after lapatinib treatment compared with DMSO control. The full control and treatment data for both AU565 and HCC1954 are available at ([http://lincsportal.ccs.miami.edu/datasets-beta/\#?query=assayname:MEMA cell growth assay](http://lincsportal.ccs.miami.edu/datasets-beta/#?query=assayname:MEMA%20cell%20growth%20assay)). [Figures 1A and 1B](#F1){ref-type="fig"} show that several soluble and matrix factors influenced cell growth and EdU incorporation during treatment with lapatinib. NRG1 isoforms attenuated response to lapatinib in AU565 ([Figure 1A](#F1){ref-type="fig"}), while FGF2 and HGF attenuated response to lapatinib in HCC1954 ([Figure 1A](#F1){ref-type="fig"}) but not vice versa. The degree of attenuation of response in AU565 differed between NRG1 isoforms and other epidermal growth factor (EGF) family members. For example, the post-treatment cell count and fraction of EdU-incorporating cells for AU565 cells treated with lapatinib and NRG1β were similar to those for vehicle control-treated AU565 cells. Treatment with lapatinib and NRG1α resulted in a lower fraction of EdU-incorporating cells compared with NRG1β and DMSO treatments, but a higher average cell count than most lapatinib-treated conditions. The NRG1-SMDF isoform had little effect on cell count or fraction of EdU-incorporating cells under lapatinib treatment.

Although soluble factors had the largest impact on cell response, matrix proteins also influenced drug response to a lesser degree. NRG1β-mediated attenuation of response to lapatinib in AU565 cells was diminished by growth of cells on thrombospondin and elastin and enhanced by growth on laminin and integrin αVβ6 ([Figure 1B](#F1){ref-type="fig"}). HGF attenuation of response to lapatinib in HCC1954 cells was decreased by growth on collagen III and enhanced by growth on P-cadherin and CEACAM6 ([Figure 1C](#F1){ref-type="fig"}). Overall, NRG1β and HGF were the strongest microenvironmental inhibitors of lapatinib response in AU565 and HCC1954, respectively.

We next assessed the effects of a range of NRG1β and HGF concentrations on responses to a range of lapatinib doses in a 2D live-cell assay in SKBR3 and HCC1954 cells expressing nuclear-GFP. Nuclear-GFP SKBR3 cells were used in place of AU565 due to their similar expression profiles and previous validation of their use in live-cell assays ([@R25]). The inhibitory effect of lapatinib was previously observed to be cytostatic in L-HER2+ breast cancer cell lines, rather than cytotoxic ([@R14]). Thus, we only measured cell count in L-HER2+ cells. All concentrations of NRG1β diminished lapatinib efficacy in SKBR3 cells and several concentrations of NRG1β and lapatinib stimulated proliferation compared with untreated controls, while NRG1β alone was inhibitory. The stimulatory effect of lapatinib plus NRG1β was observable at the first 2 hr time point post drug exposure and was maintained for a full 96-hr time course ([Figures 1D](#F1){ref-type="fig"} and [S2A](#SD1){ref-type="supplementary-material"}). HGF diminished lapatinib response in HCC1954 cells in a dose-dependent manner, and HGF alone stimulated proliferation ([Figures 1E](#F1){ref-type="fig"} and [S2B](#SD1){ref-type="supplementary-material"}). Evidence for apoptosis was not observed in SKBR3 cells following lapatinib treatment, but growth curves for HCC1954 show cell death beginning 24 hr after addition of lapatinib, indicating a differential response to HER2 inhibition between these cell types.

Since lapatinib is FDA approved as second-line treatment in combination with capecitabine ([@R44]), we performed combination treatments with lapatinib, NRG1β, and capecitabine in AU565 or SKBR3 cells, and lapatinib, HGF, and capecitabine in HCC1954 cells to determine the relevance of growth-factor-mediated drug resistance to the clinical use of lapatinib ([Figures 1F, 1G](#F1){ref-type="fig"}, and [S3](#SD1){ref-type="supplementary-material"}). Lapatinib and capecitabine both decreased cell counts in all cell lines, and the combination of both drugs resulted in a greater reduction of cell count than either agent alone. Addition of NRG1β to the combination of lapatinib and capecitabine significantly reduced the drug combination efficacy in both SKBR3 and AU565. Furthermore, in SKBR3 cells, we observed increased cell counts over untreated controls ([Figure S3](#SD1){ref-type="supplementary-material"}), consistent with our earlier observation that NRG1β can convert lapatinib treatment into a stimulator of growth. In addition, HGF significantly reduced the effectiveness of the combination of lapatinib and capecitabine in HCC1954 cells ([Figure 1G](#F1){ref-type="fig"}).

HER2+ Subtypes Show Differential Response to NRG1β and HGF {#S4}
----------------------------------------------------------

We explored the possibility that differences in the responses of SKBR3 and HCC1954 cells to microenvironmental signals were due to differences in the subtype-specific intrinsic biology of L-HER2+ and HER2E cells. We assessed the subtype specificity of the effects of HGF and NRG1β on drug response in a panel of four cell lines representing the L-HER2+ subtype and four representing the HER2E subtype. We switched to the irreversible HER2 TKI neratinib for these studies since several HER2E cell lines are innately resistant to lapatinib.

We classified cell lines as L-HER2+ or HER2E based on the expression of 302 genes identified by the TCGA as differentially expressed between L-HER2+ and HER2E subtypes ([@R7]). We filtered this gene set for variance across our panel of HER2+ breast cancer cell lines and performed cluster analysis ([Figure 2A](#F2){ref-type="fig"}). The cell line panel clustered into two subtypes with similar expression profiles to patient L-HER2+ and HER2E subtypes, and shared consistent transcriptional similarity with luminal and basal mammary cell types, respectively ([Figure 2B](#F2){ref-type="fig"}). We chose the cell lines JIMT1, HCC-3153, HCC1954, and 21MT1 as models of the HER2E subtype, and EFM192A, BT474, SKBR3, and AU565 as models of the L-HER2+ subtype.

We explored the effects of varying concentrations of neratinib, NRG1β, and HGF across the HER2+ cell line panel. [Figure 3A](#F3){ref-type="fig"} shows that NRG1β attenuated response to neratinib in the L-HER2+ lines but generally not in the HER2E cell lines, particularly at higher concentrations. HGF strongly attenuated response to neratinib in the HER2E lines but had little effect in the L-HER2+ cell lines. This was most evident at the 200 nM dose of neratinib. In many cases, L-HER2+ cells treated for 72 hr with neratinib in the presence of NRG1β showed a higher average cell count and a higher percentage of proliferating cells than untreated controls ([Figures 3A and 3B](#F3){ref-type="fig"}), consistent with the stimulation of proliferation observed with the combination of NRG1β and lapatinib or lapatinib plus capecitabine.

Subtype Intrinsic Responses to NRG1β and HGF Are Observed in 3D Cultures and Murine Xenografts {#S5}
----------------------------------------------------------------------------------------------

We measured the responses of L-HER2+ cell lines (SKBR3, AU565) and HER2E cell lines (HCC1954, 21MT1) grown in 3D Matrigel cultures to determine whether spatial organization and ECM structure altered the effects of HGF and NRG1β. The cells were treated with combinations of NRG1β, HGF, and neratinib ([Figure 3C](#F3){ref-type="fig"}). Cells were generally less responsive to neratinib at baseline in 3D than observed in 2D, as has been reported previously with lapatinib ([@R59]). However, we found that NRG1β and HGF reversed the inhibitory effects of neratinib in L-HER2+ cells and HER2E cells, respectively, in 3D cultures.

We also showed that the subtype-specific effects of microenvironmental signals on HER2-targeted TKIs were present in HER2+ murine xenografts. HER2E JIMT1 and L-HER2+ BT474 breast cancer cells were transplanted subcutaneously into the flank of the hind leg and orthotopically to mammary fat pads. We selected BT474 and JIMT1 cells for this experiment due to their ability to form solid tumors in mice without the need for estrogen pellets ([@R22]). Induced tumors were implanted with nanodosing microdevices ([@R28]) loaded with polyethylene glycol (PEG) control, HER2-TKI, HER2-TKI in combination with HGF and NRG1β, and proteins alone. The implanted tumors were extracted and processed by immunofluorescent histochemistry for analysis of cleaved caspase-3 (CC3) for apoptosis and Ki67 for proliferation after 48 hr of exposure to the various nanodose drug combinations. Lapatinib was used in BT474 and neratinib was used in JIMT1 to adjust for the innate drug sensitivities of each cell line.

Lapatinib decreased proliferation in areas of BT474 xenograft tumors in close proximity to the nanodosing reservoirs, while neratinib mainly increased the rate of apoptosis in JIMT1 tumors ([Figures 3D, 3E](#F3){ref-type="fig"}, and [S4](#SD1){ref-type="supplementary-material"}). The combination of lapatinib with NRG1β, but not HGF, restored the Ki67 signal to control levels in BT474 tumors ([Figure 3D](#F3){ref-type="fig"}). We were not able to compare apoptosis induced by different treatment conditions in BT474, as the basal levels were extremely low ([Figure S4C](#SD1){ref-type="supplementary-material"}). In contrast, adding HGF positively affected proliferation and significantly reduced the CC3 levels in JIMT1 tumors ([Figures 3E](#F3){ref-type="fig"}, [S4A, and S4B](#SD1){ref-type="supplementary-material"}). NRG1β did not significantly increase Ki67 or reduce CC3 levels in the JIMT1 xenografts. These results confirm the cytostatic and cytotoxic impact of HER2 inhibition that we observed *in vitro* in SKBR3 and HCC1954 cells, respectively ([Figures 1D and 1E](#F1){ref-type="fig"}).

HER2+ Subtypes Differ in Signaling Biology {#S6}
------------------------------------------

We analyzed transcriptional profiles using RNA sequencing (RNA-seq) ([@R10]) and protein profiles using reverse-phase protein arrays (RPPA) ([@R33]) for HER2E and L-HER2+ cells to identify molecular processes that might account for the observed differences in response to microenvironmental signals. We performed gene set enrichment analysis (GSEA) on RNA-seq profiles measured for eight L-HER2+ and eight HER2E lines at baseline culture conditions ([Table 1](#T1){ref-type="table"}). An unbiased query of the Hallmarks library of gene signatures showed that the "KRAS Signaling Up" gene set was significantly enhanced in HER2E cells compared with L-HER2+ cells ([Figure S5A](#SD1){ref-type="supplementary-material"}). In contrast, one of the most significant gene sets upregulated in the reverse comparison of L-HER2+ versus HER2E was the "KRAS Signaling Down" gene set, indicating that this pathway is differentially regulated between the subtypes. We also observed that *FOXA1*, the inducible transcription factor that binds to the promoter region of HER3 ([@R42]), was markedly higher in L-HER2+ expression compared with HER2E, as was *ERBB3* expression. Conversely, we found that *EGFR* and *MET* expression was significantly higher in HER2E than in L-HER2+ ([Figures 4A, 4B, and 4D](#F4){ref-type="fig"}). [Figure 4A](#F4){ref-type="fig"} plots *ERBB3* against *MET* expression to highlight the difference in expression of the NRG1β and HGF receptors between L-HER2+ and HER2E for the entire HER2+ cell line panel. The same relative expression trends for *MET* and *ERBB3* were present in gene expression profiles for L-HER2+ and HER2E human tumors analyzed by TCGA ([Figure 4C](#F4){ref-type="fig"}).

Western analyses showed that treatment of both HER2 subtypes with lapatinib reduced levels of pHER3 and pAKT, and that pAKT expression in both subtypes could be restored by adding NRG1β ([Figure S5B](#SD1){ref-type="supplementary-material"}). However, NRG1β restored pS6 levels, an indicator of active mitogenic signaling ([@R52]), only in the L-HER2+ lines, while HGF restored pS6 levels only in HER2E lines. Taken together, these analyses suggest that HER2E lines preferentially rely on MAPK signaling and that L-HER2+ lines preferentially rely on PI3K signaling, and that these pathways separately converge on S6K to execute effects on proliferation.

Our data and previous reports ([@R15]) suggest that HER2E lines preferentially rely on MET and MAPK signaling and that L-HER2+ lines preferentially rely on HER3 and phosphatidylinositol 3-kinase (PI3K) signaling. We tested this possibility in siRNA knockdown experiments and found that HER2E cells do not depend as strongly on HER3 as do L-HER2+ lines ([Figure S6A](#SD1){ref-type="supplementary-material"}). We also reanalyzed previously published RPPA measurements of the temporal responses of L-HER2+ and HER2E cell lines to treatment with 250 nM lapatinib ([@R33]) and found that lapatinib preferentially inhibited activity of PI3K-mTORC pathway constituents in AU565 (L-HER2+) compared with HCC1954 (HER2E), and inhibited activity of EGFR and MEK in HCC1954 compared with AU565 ([Figure 4E](#F4){ref-type="fig"}). We further assessed reliance on PI3K and MAPK pathways in L-HER2+ and HER2E lines by measuring the responses of the HER2E cell lines JIMT1, HCC1954, 21MT1, 21PT1, and HCC3153, and the L-HER2+ lines SKBR3, BT474, AU565, MDAMB361, and EFM192A to nine different concentrations of lapatinib, the MEK inhibitor trametinib, and the combination. [Figure 4F](#F4){ref-type="fig"} shows that the L-HER2+ lines were less sensitive to the MEK inhibitor and more sensitive to lapatinib than HER2E lines. HER2E lines were more sensitive to trametinib than L-HER2+ lines, and the combination of lapatinib and trametinib resulted in significantly decreased cell viability in comparison with each agent alone in HER2E cells.

Countering Microenvironment-Mediated Resistance {#S7}
-----------------------------------------------

Our studies suggest that the HGF-mediated attenuation of response of HER2E cells to lapatinib or neratinib is due to the constitutive high level of expression of MET in HER2E cells, which allows HER2E cells to utilize HGF to escape lapatinib or neratinib inhibition. This raised the possibility that combined treatment of HER2E cells with neratinib and the MET targeting TKI crizotinib could block signaling through MET to abrogate resistance to neratinib. [Figure 5A](#F5){ref-type="fig"} demonstrates that this is the case; crizotinib eliminated HGF-mediated neratinib resistance in four HER2E lines but did not block NRG1β-mediated lapatinib resistance in four L-HER2+ lines.

The mechanism by which NRG1β combined with lapatinib or neratinib results in growth stimulation in L-HER2+ cells appears to be a multistep process that begins with the previously reported translocation of HER3 from the endocytic compartment of the cytoplasm to the cell surface, which is triggered by a drug-induced reduction in pAKT levels ([@R4]; [@R46]). Exogenous NRG1β binding to HER3 then stabilizes increased numbers of HER2-HER3 heterodimers at the cell surface. HER2E cell lines do not depend on PI3K signaling ([Figure 4E](#F4){ref-type="fig"}), so the PI3K-inhibition-induced translocation of HER3 to the cell surface does not occur. We confirmed this using proximity ligation assays (PLA) to assess lapatinib-induced differences in HER2-HER3 dimerization on the cell surface of the L-HER2+ line SKBR3, and the HER2E line HCC1954 treated with combinations of lapatinib and NRG1β. [Figure 5B](#F5){ref-type="fig"} shows a significant increase in heterodimers on the cell surface in L-HER2+ lines under exposure to the combination of lapatinib and NRG1β following 48 hr of treatment. No such increase was observed in HCC1954 ([Figure 5C](#F5){ref-type="fig"}). Thus, L-HER2+ cells express high levels of NRG1β-HER2-HER3 complexes after lapatinib treatment while HER2E cells do not.

This observation does not explain the increased proliferation observed immediately after TKI treatment in L-HER2+ cells, since HER2 kinase activity should still be blocked. However, structural studies of HER-family kinase domains ([@R61]; [@R2]) suggest that the activation of HER2-HER3 heterodimers by NRG1β changes the conformation of the ATP-binding pocket of HER2 targeted by TKI so that their binding is reduced ([@R43]). We reasoned that treatment of the NRG1β-HER2-HER3 complex with pertuzumab might disrupt the dimers and restore the conformation of the ATP-binding pocket and increase TKI-binding efficiency. [Figure 5A](#F5){ref-type="fig"} shows that this is the case, since pertuzumab significantly reduced NRG1β-mediated lapatinib resistance in four L-HER2+ cell lines but failed to reduce HGF-mediated neratinib resistance in four HER2E lines. Pertuzumab binds to the extracellular domain II of HER2 and is reported to function by inhibiting HER2-activating binding partners such as EGFR and HER3 via steric hindrance ([@R18]).

We also tested the possibility that trastuzumab binding to domain IV of HER2 ([@R9]) would perform the same function by testing the efficacy of trastuzumab treatment in combination with lapatinib and NRG1β in L-HER2+ cells. This is important since neratinib and lapatinib are now being tested clinically in combination with trastuzumab ([@R6]). In contrast to pertuzumab, trastuzumab did not abrogate NRG1β-mediated resistance and caused a small decrease in cell count as a single agent ([Figure S7](#SD1){ref-type="supplementary-material"}).

Pertuzumab and Lapatinib Combinations in L-HER2+ Cells Treated with NRG1β {#S8}
-------------------------------------------------------------------------

We performed mass spectrometry proteomics on HER3 immunoprecipitates to investigate why pertuzumab inhibited the resistance effect of NRG1β but showed no effect as a monotherapy in L-HER2+ cell lines. We performed bead-based HER3 immunoprecipitation on cell lysates from L-HER2+ AU565 cells treated with combinations of lapatinib, NRG1β, and pertuzumab for 48 hr and quantified proteins that co-precipitated with HER3 ([Figure 6A](#F6){ref-type="fig"}). We filtered the data for proteins that bound to HER3 following phosphorylation of C-terminal regions by HER2, such as subunits of PI3K. The presence or absence of these HER3-binding proteins served as markers of signaling activity of HER2-HER3 dimers. We found that lapatinib treatment significantly reduced the amount of protein bound to HER3 compared with untreated controls. Addition of NRG1β to lapatinib restored the levels of proteins bound to HER3 to control levels. Further addition of pertuzumab to NRG1β and lapatinib eliminated the effect of NRG1β, and resulted in decreased levels of protein bound to HER3 compared with untreated controls. These data demonstrate that pertuzumab restores sensitivity to lapatinib inhibition by blocking phosphorylation of HER3 and reducing interaction with other proteins that bind to HER3. However, pertuzumab did not decrease binding of HER2, which co-precipitated with HER3 in 20-fold greater quantity when treated with pertuzumab.

DISCUSSION {#S9}
==========

Our goal in this study was to identify microenvironmental factors that drive resistance to the HER2-targeted TKIs in HER2+ breast cancers. We used MEMA technology to identify the specific soluble and matrix factors from the microenvironment that alter the TKI responses in HER2+ breast cancer cells. The power of the platform is its ability to efficiently assess the effects of thousands of different combinatorial microenvironments in multiple cell lines. The platform is generally applicable to assessment of the impact of the microenvironment on any phenotype that can be revealed using fluorescent reporters and quantitative imaging.

Our studies showed that the L-HER2+ and HER2E breast cancer subtypes defined by TCGA differ fundamentally in how they engage the microenvironment. These differences derive from preferential dependence of L-HER2+ cells on HER3 expression and PI3K signaling and preferential dependence of HER2E cells on MET expression and MAPK signaling. These HER2+ subtype differences manifest, even in the absence of microenvironmental signals, as differences in biological and molecular responses to HER2 and MAPK targeted inhibitors as illustrated in [Figures 4E and 4F](#F4){ref-type="fig"}. However, they also lead to HER2+ subtype-specific differences in the microenvironmental signals that alter response to TKIs.

Understanding and managing the interaction of HER2E cells with the microenvironment is straightforward. These cells express high levels of MET and depend on downstream MAPK signaling. High levels of HGF activate MET signaling through MAPK, thereby reducing sensitivity to lapatinib or neratinib. We show that the inhibitory effects of HGF on TKI response can be blocked with crizotinib. This had been independently reported by Settleman et al. in the HER2E cell line, HCC1954 ([@R60]); however, we show that this is a general property of the HER2E subtype not limited to a single cell line.

The interaction of L-HER2+ cells with microenvironmental signals is more complicated. This is illustrated by our observation that L-HER2+ cells treated with lapatinib or neratinib proliferated more than untreated control cells when NRG1β was present ([Figures 1D](#F1){ref-type="fig"}, [S2](#SD1){ref-type="supplementary-material"}, [3A, and 3B](#F3){ref-type="fig"}). In other words, NRG1β converted lapatinib or neratinib into stimulatory drugs. This proliferative stimulation was even sufficient to overcome the inhibitory effects of the chemotherapeutic drug capecitabine in an *in vitro* setting ([Figure 1F](#F1){ref-type="fig"}). We believe that this enhancement of proliferation involves multiple events. The process begins with TKI-induced inhibition of PI3K signaling that stimulates translocation of cytosolic HER3 to the cell surface ([@R46]) where it forms heterodimers with HER2 or EGFR ([@R5]). High levels of NRG1β stabilize HER-HER3 heterodimers on the cell surface and cause a conformation change in the HER2 kinase domain that diminishes lapatinib or neratinib binding ([@R43]). The end result is an increase in the number of HER2-HER3 heterodimers that are unchecked by the TKI so that the cells are actually stimulated to proliferate more rapidly than cells that receive no drug treatment. HER2E cells appear to lack the HER3 feedback mechanism so NRG1β does not restore proliferation under lapatinib or neratinib treatment in these cells.

We confirmed previous reports that NRG1β-mediated resistance in HER2+ cells could be reversed by adding pertuzumab ([@R37]). Our studies showed that this beneficial effect is confined to the L-HER2+ subtype. Our data show that pertuzumab but not trastuzumab alters the HER2-HER3 conformation to restore TKI binding to the HER2 kinase domain. We also found that pertuzumab had no efficacy as a single agent, despite its reported ability to interfere with HER2 dimerization ([@R23]). Instead, we found that pertuzumab increased proliferation when combined with NRG1β. Mass spectrometry analysis showed that pertuzumab reduced the association of HER3 with PI3K pathway mediators in cells treated with lapatinib and NRG1β, but increased the total amount of HER2 associated with HER3 in the presence of lapatinib and NRG1β. Structural studies of HER2-HER3 dimers by [@R62] suggest that this is because HER2 has the capacity to trans-phosphorylate HER3 of neighboring heterodimers when both HER2 and HER3 are highly overexpressed, which occurs as a result of HER2 amplification and TKI-mediated translocation of HER3 to the cell surface. [Figure 6B](#F6){ref-type="fig"} summarizes the *trans*- and *cis*-phosphorylation mechanisms by which NRG1β interacts with HER2-HER3 heterodimers to activate mitogenic signaling. This model suggests that complete inhibition of the HER2-HER3 signaling in L-HER2+ cells in high NRG1β environments requires the combination of TKI and pertuzumab to inhibit HER2 kinase activity, block the HER2 conformation change, and overcome both *cis*- and *trans*-activation of HER3. Other strategies that might be deployed to defeat NRG1β-mediated resistance include co-treatment with drugs to inhibit AKT-mediated upregulation of HER3, treatment with antibodies targeting NRG1β ([@R24]), or designing small-molecule inhibitors that are effective against the HER2 kinase in the altered configuration ([@R43]).

Our studies raise the possibility that responses to TKIs may vary between different anatomical metastatic sites since the levels of HGF and/or NRG1β expression differ between sites to which HER2+ cancers may metastasize. Both HGF and/or NRG1β are highly expressed by cancer associated fibroblasts in the breast ([@R8]; [@R55]) and high expression has been associated with poor prognosis and drug resistance ([@R57]; [@R49]; [@R39]). HGF also is highly expressed in the liver and lung ([@R56]), common sites of HER2E metastasis, while NRG1β is highly expressed at common sites of L-HER2+ metastasis, including the lung, lymph node, and brain ([@R56]; [@R35]). The concentrations of NRG1β and HGF that we found to decrease TKI efficacy (12.5--200 ng/mL) are similar to that found in human tissue. The concentration of HGF secreted by patient-derived bone marrow stem cells over 48 hr was reported to be 2--12 ng/mL ([@R51]) and the concentration of HGF was reported to be 0.5--11 ng/mL in pleural effusions from cancer patients ([@R16]). The concentration of NRG1β was reported to be 5--700 ng/mL in serum ([@R40]) and 50--10,000 ng/mL in pulmonary fluid from patients with acute lung injury ([@R17]). Jain and co-workers recently reported that NRG1β expression in the brain microenvironment was associated with resistance to PI3K inhibitors in L-HER2+ brain metastases, providing further support that metastatic site-specific microenvironments can drive TKI resistance in specific cancer cell types ([@R32]).

Our findings raise the possibility that clinical control of HER2+ breast tumors with HER2-targeted TKIs lapatinib and neratininb may be improved by HER2+ subtype-specific strategies to counter resistive microenvironmental signals. Specifically, our data suggest TKI plus pertuzumab for L-HER + breast cancers and TKI plus crizotinib for HER2E breast cancers could be effective treatment strategies. Such strategies would likely apply to the approved TKIs neratinib and lapatinib, as well as to the newer HER2-targeted TKIs under development. Clinical impact may be observed in advanced cancers where the tumor cells encounter distant microenvironments that manifest high levels of HGF or NRG1β. Careful attention to microenvironmental factors in clinical studies with neratinib and lapatinib in combination with chemotherapy or trastuzumab is warranted, since our findings suggest that HGF- and NRG1β-mediated resistance is still operational in these settings. Furthermore, our results suggest caution in the implementation and interpretation of results from basket trials in which all patients with a specified genomic aberration are treated with the same therapy independently of tumor type or subtype. Our data suggest that the epigenetic status can significantly modify oncogene function (HER2 in our case) and therapeutic response.

STAR★METHODS {#S10}
============

Detailed methods are provided in the online version of this paper and include the following: [KEY RESOURCES TABLE](#T2){ref-type="table"}CONTACT FOR REAGENT AND RESOURCE SHARINGEXPERIMENTAL MODELS AND SUBJECT DETAILSBreast Cancer Cell LinesMurine ModelsMETHOD DETAILSExperimental DesignDrug TreatmentFluorescence Cell Line GenerationMicroEnvironment MicroArraysImmunofluorescent Histochemistry and Fluorescent ImagingEdU IncorporationLive Cell Imaging3D CulturesProximity Ligation AssaysLiposomal siRNA TransfectionProtein Expression by RPPA or ImmunoblotsImmunoprecipitation Mass SpectrometryRNAseqMurine Model ExperimentsQUANTIFICATION AND STATISTICAL ANALYSISRNAseq Hierarchal ClusteringGene Set Enrichment AnalysisDATA AND SOFTWARE AVAILABILITYMicroEnvironment MicroArray DataImmunoblot Supplement

CONTACT FOR REAGENT AND RESOURCE SHARING {#S11}
----------------------------------------

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, James E. Korkola (<korkola@ohsu.edu>).

EXPERIMENTAL MODELS AND SUBJECT DETAILS {#S12}
---------------------------------------

### Breast Cancer Cell Lines {#S13}

Breast cancer cell lines derived from human female tumors were used in this study. The cell lines AU565, SKBR3, HCC1954, HCC-1569, HCC-202, HCC-2218, HCC-1419, MDA-MB-361, ZR-75-30, BT474, UACC893, and MDA-MB-453 were obtained from American Type Culture Collection (ATCC), Manassas, VA. HCC-3153 was obtained from UT-Southwestern, SUM190PT and SUM225CWN were provided by Steve Ethier at UCSF, and 21NT1, 21PT1, and 21MT1 were provided by Ruth Sager and Kornelia Polyak at the Dana-Farber Institute of Harvard, Cambridge MA. JIMT1, EFM192A, EFM192B, and EFM192C were obtained from DSMZ, Braunschweig Germany. Each cell line was genotyped to ensure accurate identity, and regularly screened for mycoplasma infection. Cell lines were maintained in their respective medium and serum concentration as recommended by originator specifications at 37°C in 5% CO2 in a humidified incubator and cultured according to ATCC recommendations.

### Murine Models {#S14}

SCID, SHO-*Prkdc^scid^ Hr^hr^* and NU(NCr)-Foxn1^nu^ mice were purchased from Charles River Laboratories. All animal studies were conducted in accordance with protocols approved by MIT's Committee on Animal Care (CAC) and by Institutional Animal Care and Use Committee (IACUC) at OHSU.

METHOD DETAILS {#S15}
--------------

### Experimental Design {#S16}

The number of independent biological replicates of each experiment (n) performed are given in the figure legends. Where appropriate the mean and standard error of the mean (SEM) were calculated as indicated. There was no blinding of any experimental data, and no sample-size estimation or randomization were used in standard drug treatment experiments. Protein combination printing locations in MEMA experiments, and drug treatment plates in [Figure 4F](#F4){ref-type="fig"} were randomized. Experimental results were reproduced in at least three technical replicates (TR), and included either n=3 sample replicates, or were reproduced with at least 3 biological replicates (BR). No data were excluded from published results, except for cell count and proliferation ratio of spots containing nidogen in [Figure 1](#F1){ref-type="fig"}. These data were omitted from [Figures 1B and 1C](#F1){ref-type="fig"} as outliers (as noted in figure legend).

### Drug Treatment {#S17}

Lapatinib, neratinib, crizotinib, trametinib, capecitabine (Selleckchem), pertuzumab, and trastuzumab (OHSU Pharmacy) were used at the concentrations indicated in figure legends. DMSO (ThermoFisher) and human IgG isotype control (Abcam) concentrations were equivalent to the highest dose of the respective drug used in each experiment. Treatment durations were as indicated in respective figure legends. Cells were treated in 96 and 384 multiwell plates with soluble drug and ligand combinations added to their medium, then fixed for fluorescent imaging and quantification (described below). Each treated cell line was seeded at an experimentally determined concertation so that untreated control wells would reach 80% confluency by the end of the treatment period. Drug combination studies and CTG assays in [Figure 4F](#F4){ref-type="fig"} were performed as previously reported ([@R25]) ([@R34]) in randomized replicates.

### Fluorescence Cell Line Generation {#S18}

SKBR3 and HCC1954 cell lines expressing nuclear localized GFP has been previously described ([@R30]). Cell lines were maintained in their respective medium as recommended by ATCC at 37°C in 5% CO2 in a humidified incubator and cultured according to ATCC recommendations.

### MicroEnvironment MicroArrays {#S19}

MEMAs were generated in 8-well cell culture plates. A manuscript detailing the preparation and use of the MEMA is underway. A detailed description of the methodology and a list of the ECM components, soluble ligands, and their concentrations is currently available at the Synapse MEP-LINCs website (<https://www.synapse.org/#!Synapse:syn2862345/wiki/72486>). Proteins on the MEMA were chosen because of their reported involvement at sites of local and metastatic disease, and their capacity to elicit a biological effect in *in vitro* assays. The proteins included in the library represent components of lymphocytic infiltrates, stroma, blood and lymphatic system, local extracellular matrix, macrophages, and endothelium. Each matrix protein was mixed with collagen I to improve printing and cell attachment, and printed in \~15 replicate random locations ([Figure S1A](#SD1){ref-type="supplementary-material"}). We added soluble ligand to the wells, so an entire MEMA experiment comprised eight plates (seven ligands plus a PBS control well per plate; thus, 8 plates comprised all 56 ligands tested). 2.5×10^5^ cells of each cell line were added to replicate arrays for 15 minutes, after which unbound cells were removed with a growth medium wash. Arrays were cultured in RPMI medium with 10% fetal bovine serum for 12 hours at 37°C in 5% CO2 in a humidified incubator. Following this, appropriate concentrations of soluble ligands were added to duplicate sets of arrays. One set of arrays were treated with 750 nm lapatinib, and the other DMSO. Arrays were returned to incubator for 71 hours, after which 1uM EdU was added to the medium for 1 hour. Cells were then fixed in 2% PFA at RT, and stored at 4°C in PBS.

After fixation, EdU detection and immunofluorescent histochemistry (IHC) was performed as described below. Arrays were imaged on a customized automated high content fluorescence microscope platform (Nikon HCA), and resulting image data was output to an OMERO image database ([@R3]). Cells were segmented and intensity levels were calculated using CellProfiler ([@R29]). The resulting MEMA data was preprocessed and normalized using open source R software available from (<https://www.synapse.org/#!Synapse:syn2862345/wiki/72486>). The spot cell count was based on the DAPI stained nuclei. EdU intensity was auto-gated to label cells as EdU^+^ and the proportion of EdU^+^ cells in each spot was reported to measure proliferation. The per-cell intensity values for the KRT14 and KRT19 stains and the nuclear morphology measurements were median summarized to the spot level. Each intensity and morphology signal was independently RUV normalized in a series of matrices with arrays as the rows and spots as the columns ([@R19]). The RUV controls were the residuals created by subtracting the replicate median from each spot value. After RUV normalization, bivariate LOESS normalization was applied to the normalized residuals using the array row and array column as the independent variables. After normalization, the \~15 replicates of each condition were median summarized to the MEP level. Major findings from the MEMA were recapitulated in at least 3 experimental replicates. Exact replicate count and standard error for each condition are available in [supplemental MEMA files](#SD1){ref-type="supplementary-material"} linked to in Data Availability.

### Immunofluorescent Histochemistry and Fluorescent Imaging {#S20}

Array-bound and well-bound cells were fixed in 2% PFA for 15 minutes at RT following respective treatments. Cells were then permeabilized with .3% Triton X-100 for 25 minutes at RT. Array-bound cell primary antibody staining was performed with KRT14 (Abcam, 1:200), KRT19 (Dako, 1:200), and DAPI (ThermoFisher, 1:10,000). Secondary antibody staining was performed with IgG3 Alexa Fluor 488 (ThermoFisher, 1:200), and IgG1 Alexa Fluor 555 (ThermoFisher, 1:200). Only DAPI and EdU detection was performed on well-bound cells, with the exception of [Figure 2B](#F2){ref-type="fig"}. Well plates were imaged on the GE InCell 6000 platform, and image analysis and cell count quantification were performed on the GE InCell Analyzer software package. Size gating of nuclei was used to exclude apoptotic cells, and EdU positivity was determined as nuclei having a mean fluorescent intensity above an experimentally consistent threshold (this threshold was defined using single cell parametric analysis plotting total DAPI intensity against mean EdU intensity). All fluorescent imaging studies were performed at consistent intensity and gain settings across experiments.

### EdU Incorporation {#S21}

Cells were incubated with 1 µM EdU for 1 h prior to fixation. Cells were fixed, permeabilized, and stained with Click-iT Plus EdU Alexa Fluor 647 HCS Assay Kit (ThermoFisher) following manufacturers recommended protocol.

### Live Cell Imaging {#S22}

Live-cell imaging experiments were performed on the IncuCyte ZOOM platform with SKBR3 and HCC1954 cells transfected with a nuclear located GFP. Cell cohorts exposed to varying concentrations of NRG1β or HGF had these factors added to their medium at time zero of the time course. At 24 hours from the start of the experiment cells were exposed to requisite doses of lapatinib. Cells were fluorescently imaged every 2 hours (4 images per well), and Incucyte proprietary image analysis software quantified detected nuclei (following size gating to exclude apoptotic bodies and un-segmentable clusters). Concentrations were as noted in figure legends of [Figures 1D, 1E](#F1){ref-type="fig"}, and [S3](#SD1){ref-type="supplementary-material"}. Live-cell time course experiments had n=2 biological replicates in each experiment, and all had n=3 technical replicates with consistent results.

### 3D Cultures {#S23}

3D assays were performed using a previously described approach of coating well plates with matrigel matrix (Corning), plating cells, and adding medium with low density matrigel ([@R11]). Cell quantity was assessed using absorbance measurements of alamar blue stains.

### Proximity Ligation Assays {#S24}

We performed PLA to detect the interactions between the c-terminal domains of HER2 and HER3 with the Duolink PLA kit (Sigma-Aldrich) according to the manufacturer's recommendations with at least 2 biological replicates per sample, and 3 technical replicates. Cells were exposed to growth factors and drug combinations as previously described, then fixed in 4% PFA, permeabilized with Triton X-100, and the Duolink PLA protocol was followed using HER2 (clone 3B5) and HER3 (clone D22C5) antibodies purchased from Cell Signaling Technology. Because of the abundance of HER2-HER3 heterodimers in SKBR3 cells, the assay was slightly modified to reduce detection of total HER2-HER3 dimers for the purpose of more accurate quantification. HER2-HER3 heterodimers were detected as single fluorescent dots in z-series of cells imaged with confocal microscopy. Additionally, cell nuclei were fluorescently stained with DAPI, and cellular cytoskeletons were labeled with tubulin antibody staining. The image analysis software CellProfiler ([@R29]) was used to quantify the PLA signal.

### Liposomal siRNA Transfection {#S25}

siRNA transfection of breast cancer cell lines in 96-well plates (AU565 7,000/well, SKBR3 7,000/well, BT474 7000/well, HCC1954 4000/well, JIMT1 2000/well, 21MT1 1000/well, and HCC3153 2000/well) was performed by reverse transfection by using Dharmafect (Dharmacon) as previously described ([@R36]). Four single siRNA oligos (Dharmacon HER3 J-003127-10, J-003127-11, J-003127-12, and J-003127-13; 12 nM each) were used for HER3, and non-targeting siRNA (Dharmacon siCONTROL) was used as a control. Following 96 hours of treatment with siRNA, cells were assayed for viable cell count as described above, and the average cell counts resulting from treatment with the 4 HER3 oligos were reported as comparisons to non-targeting siRNA control.

### Protein Expression by RPPA or Immunoblots {#S26}

RPPA and analysis were performed as previously described ([@R53]) on cell lysates obtained from HCC1954 and AU565 cells treated for 0.5, 2, 4, 8, 24, 48, and 72 hours with 250 nM lapatinib in full serum medium. For Western blots, cell lysates were collected using Nonidet-P40 lysis buffer supplemented with Halt protease and phosphatase inhibitor cocktail (Thermo Scientific) and immunodetection of proteins was carried out using standard protocols for equal amounts of protein loaded in SDS gels (as determined by BCA protein abundance assays). The antibodies HER2 (clone 29D8), pHER2 (Y1221/1222, clone 6B12), HER3 (clone D22C5), pHER3 (Y1298, clone 21D3), panAKT (clone C67E7), pAKT (S473, clone D9E), S6 (clone 54D2), pS6 (S235/236, clone D57.2.2E), ERK1/2 (clone 137FS), and pERK1/2 (T202/Y204, clone D13.14.4E) were all purchased from Cell Signaling Technologies. Immunoblots were imaged on the LI-COR Odyssey platform, and quantified using LI-COR Image Studio Lite.

### Immunoprecipitation Mass Spectrometry {#S27}

In vitro cell culture treatments of DMSO, human IgG isotype control, NRG1β, lapatinib and pertuzumab were performed as described previously. Immunoprecipitated fractions from whole cell lysate were applied to NuPAGE 10% Bis-Tris SDS-PAGE gels (NP0301BOX), electrophoresed for 6 min at 200 V to remove impurities, and stained for 30 min with Imperial Blue protein stain (purchased from Thermo Scientific) to assess sample concentration and quality. Gels were washed in water and the entire top of each lane, from the bottom of the loading well to the tracking dye, was excised. Gel slices were then cut into 1 mm pieces, processed, reduced/alkylated, and digested with trypsin for one hour at 50°C in the presence of 0.01% ProteaseMax detergent (ProMega) using the method recommended from the manufacturer. Recovered peptides were then dried by vacuum centrifugation then dissolved in 5% formic acid in preparation for LC/MS analysis.

Digests were loaded onto an Acclaim PepMap 0.1 × 20 mm NanoViper C18 peptide trap (Thermo Scientific) for 5 min at a 5 µl/min flow rate in a 0.1% formic acid mobile phase. Peptides were then separated using a PepMap RSLC C18, 2 µm particle, 75 µm × 25 cm EasySpray column (Thermo Scientific) and 7.5--30% acetonitrile gradient over 60 min in mobile phase containing 0.1% formic acid at a 300 nl/min flow rate using a Dionex NCS-3500RS UltiMate RSLCnano UPLC system. Tandem mass spectrometry data was collected using an Orbitrap Fusion Tribrid mass spectrometer configured with an EasySpray NanoSource (Thermo Scientific). Survey scans were performed in the Orbitrap mass analyzer at 120,000 resolution, and data-dependent MS2 scans in the linear ion trap using HCD following isolation with the instrument's quadrupole.

Sequest (version 28, revision 12; Thermo Scientific) was used to search MS2 spectra against a June 2016 version of the Sprot human FASTA protein database, with added concatenated sequence-reversed entries to estimate error thresholds, and 179 common contaminant sequences and their reversed forms. The database processing was performed with Python scripts that have been described previously 1. Searches for all samples were performed with trypsin enzyme specificity. The monoisotopic parent and fragment ion mass tolerances were 1.25 and 1.0 Da, respectively. A static modification of +57.02 Da was added to all cysteine residues. A variable modification of +16 Da on methionine residues was also allowed, with a maximum of 3 modifications per peptide. A linear discriminant transformation was used to improve the identification sensitivity from the SEQUEST analysis 1,2. SEQUEST scores were combined into linear discriminant function scores, and discriminant score histograms were created separately for each peptide charge state (1+, 2+, and 3+). Separate histograms were created for matches to forward sequences and for matches to reversed sequences for all peptides of 7 amino acids or longer. Scores of histograms for reversed matches were used to estimate peptide false-discovery rates (FDR) and set score thresholds for each peptide class and a minimum of at least two unique peptide assignments to a protein entry was required across samples. This achieved a final protein FDR of 1.1%.

### RNAseq {#S28}

RNAseq analysis of purified mRNA from cell lysate was performed by our group as previously described ([@R10]).

### Murine Model Experiments {#S29}

#### Murine Xenograft Implantable Microdevices {#S30}

Microdose drug delivery devices were manufactured and implanted as previously described ([@R28]). Cylindrical micro-devices 4mm in length and 820 µm in diameter were manufactured from medical-grade Delrin acetyl resin blocks (DuPont) by micro-machining (CNC Micromachining Center) with 18 reservoirs 200 µm(diameter) × 250 µm (depth)on the outer surface. Reservoirs were packed with approximately 1 µg of drug mixed with Polyethylene glycol (PEG, MW 1450, Polysciences) polymer using a tapered metal needle (Electron Microscopy Science). Lyophilized growth factors and proteins were packed on top of the drug mixture at approximately 5--10% of the reservoir volume. Pure PEG was used in control conditions.

Devices were implanted into orthotopic BT474 and subcutaneous JIMT1 xenograft tumors of three 6--8 week old female NOD SCID and Nu/Nu mice, respectively (purchased from Charles River Laboratories). Tumors were excised 48 hours after device implantation, fixed for 24 hours in 10% formalin, then perfused with paraffin. Specimens were sectioned using a standard microtome and sections were collected from each reservoir. Sections were then antibody stained by standard IHC using cleaved caspase-3 (9661, Cell Signaling Technology, CST) and Ki67 (12202, CST) antibody.

#### Additional Methods for BT474 Xenograft Experiments {#S31}

100 µl of BT474 cells plus matrigel (BD Biosciences 354234) went into each site. BT474-TRgf (resistant to trastuzumab in vivo) was from Drs. Robert Kerbel (University of Toronto) and Giulio Francia (now at University of Texas at El Paso). Mice were bred from the Transgenic Core at OHSU.

QUANTIFICATION AND STATISTICAL ANALYSIS {#S32}
---------------------------------------

Information on biological replicates (indicated as n) and technical replicates (indicated as TR) can be found in the respective figure legends. The reported statistics used sample means, standard error of the mean (SEM), and p-values obtained from unpaired parametric t-tests of sample sizes of equivalent variance (unless otherwise noted in figure legends). All reported cell assays had at least 3 technical replicates, and 3 biological replicates (unless otherwise noted in figure legends).

### RNAseq Hierarchal Clustering {#S33}

Clustering analysis of RNAseq data was performed using open source R statistical software and the 'gplots' library. Genes determined by TCGA ([@R7]) to be differentially expressed between patient tumors identified as HER2+ and expressing the HER2E PAM50 gene signature, and those identified as HER2+ but lacking the HER2E signature, were used to cluster RNAseq data obtained from a panel of human HER2+ breast cancer cell lines ([@R10]). The differentially expressed gene list from patient data was filtered for genes expressed in the HER2+ breast cancer cell lines in the panel. Gene expression variance was determined using R, and the top 10% variable of the gene set were used to cluster the cell lines by Euclidean distance.

### Gene Set Enrichment Analysis {#S34}

Unbiased GSEA comparisons were performed between 8 L-HER2+ cell lines (AU565, BT474, SKBR3, ZR-75-30, UACC812, EFM192A, EFM192B, EFM192C), and 8 HER2E cell lines (JIMT1, 21MT1, 21MT2, 21NT, 21PT, HCC1569, HCC1954, HCC3153) using the javaGSEA Desktop Application available from the Broad Institute <https://CRAN.R-project.org/package=gplots> (<http://software.broadinstitute.org/gsea/index.jsp>). Gene sets with nominal p-values of less than 0.001, and false discovery rate q-values of less than 25% were considered significantly enriched.

DATA AND SOFTWARE AVAILABILITY {#S35}
------------------------------

### MicroEnvironment MicroArray Data {#S36}

All MEMA data for the AU565 and HCC1954 cells is available via from the LINCS data portal ([http://lincsportal.ccs.miami.edu/datasets-beta/\#?query=assayname:MEMA cell growth assay](http://lincsportal.ccs.miami.edu/datasets-beta/#?query=assayname:MEMA%20cell%20growth%20assay)) under accession numbers LDS-1467, LDS-1471, LDS-1475, and LDS-1479. All original image data is viewable on: <https://omero.lincsclarion.org/webclient/?show=screen-251>.

### Immunoblot Supplement {#S37}

A [supplemental file](#SD2){ref-type="supplementary-material"} showing full the full set of immunoblots is available as [Data S1](#SD2){ref-type="supplementary-material"} (related to [Figures 4](#F4){ref-type="fig"}, [S5, and S6](#SD1){ref-type="supplementary-material"})

Supplementary Material {#SM}
======================

**[SUPPLEMENTAL INFORMATION](#SD1){ref-type="supplementary-material"}**

[Supplemental Information](#SD1){ref-type="supplementary-material"} includes seven figures and one data file and can be found with this article online at <https://doi.org/10.1016/j.cels.2018.02.001>.
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![MEMA Studies Reveal Multiple Protein Combinations that Confer Lapatinib Resistance to Otherwise Sensitive HER2+ Breast Cancer Cell Lines\
(A) Plots of median cell count versus median EdU-positive ratio for AU565 and HCC1954 cells on MEMAs following 72 hr of 750 nM lapatinib or DMSO treatments. Microenvironment pertubagens (MEPs, combination of ECM and ligand) are color coded by ligand and treatment. Non-EGF, FGF, and HGF family ligands are shown in gray.\
(B and C) Isolated plots from (A) of AU565 and HCC1954 cells exposed to NRG1β and HGF, respectively, following lapatinib treatment shows ECM or adhesion proteins influencing ligand-mediated drug resistance. Error bars display SEM, n = 13--15.\
(D and E) Mean cell count (n = 2, biological replicates \[BR\] = 3) derived from live-cell imaging of nuclear-GFP-expressing SKBR3 and HCC1954 cells treated with DMSO, 500 nM lapatinib, 25 ng/mL NRG1β or HGF, and 500 nM lapatinib plus 25 ng/mL NRG1β or HGF over a 96-hr time course. Growth factors were added at time 0, and lapatinib was spiked in at the 24-hr time point. Cell counts normalized to counts at time 0 for each treatment condition.\
(F and G)Mean cell count and SEM (n = 3)for AU565 and HCC1954 cells treated for 72 hr with combinations of DMSO, 500 nM lapatinib, 500 µM capecitabine, and 50 ng/mL NRG1β or HGF. Lapatinib significantly decreased cell counts compared with DMSO (\*\*\*\*AU565, p \< 0.0001; \*\*\*\*HCC1954, p \< 0.0001), and ligand added to lapatinib significantly increased cell count compared with lapatinib alone in both cell lines (\*\*\*AU565, p = 0.0009; \*\*\*\*HCC1954, p \< 0.0001). Capecitabine significantly decreased the cell count compared with DMSO (\*\*AU565, p = 0.0091; \*\*\*HCC1954, p = 0.0002), but addition of ligand did not significantly alter cell counts. The combination of lapatinib and capecitabine significantly decreased cell counts compared with DMSO (\*\*\*\*AU565, p \< 0.0001; \*\*\*HCC1954, p = 0.0002), and the addition of ligand significantly increased cell counts compared with the combination alone in both cell lines (\*\*AU565, p = 0.0044; \*\*HCC1954, p = 0.0033).\
ns, not significant.](nihms957758f1){#F1}

![HER2+ Cell Lines Are Sub-classified into Luminal-like L-HER2+ and Basal-like HER2E Phenotypes\
(A) mRNA expression clustered heatmap of genes identified by TCGA as significantly different between HER2E and luminal HER2+ patient tumors in a panel of HER2+ breast cancer cell lines. Gene expression was sorted for variance across cell lines; the top 10% (66 genes) are used to cluster the panel.\
(B) Representative images of L-HER2+ and HER2E lines immunofluorescently labeled with DAPI (blue), KRT14 (green), and KRT19 (red).](nihms957758f2){#F2}

![HER2+ Breast Cancer Cell Lines Exhibit a Subtype Intrinsic Proliferative Response to NRG1β and HGF under Lapatinib or Neratinib Treatment\
(A) Heatmap of mean cell count (n = 3) of 8 HER2+ cell lines exposed to a dose range of neratinib and three concentrations of NRG1β and HGF. Each value is normalized to the mean cell count of the corresponding DMSO-treated control. Scale to the right indicates the relative cell count ratio between drug-treated and untreated controls.\
(B) Mean percentage of EdU-positive cells and SEM (n = 3) in four L-HER2+ cell lines treated in (A) with DMSO, 100 nM neratinib, and 100 nM neratinib plus 25 ng/mL NRG1β. Neratinib plus NRG1β treatment results in significantly increased EdU positivity compared with DMSO treatment in 3 out of 4 cell lines (\*\*\*\*AU565, p \< 0.0001; \*\*SKBR3, p = 0.0068; \*BT474, p = 0.0397).\
(C) Mean absorbance measurements and SEM (n = 2, BR = 3) of alamar blue stains from four cell lines in 3D Matrigel assays following 96 hr treatments of 200 or 500 nM neratinib, with and without 50 ng/mL NRG1β and HGF. Absorbance values are shown as the ratio of drug-treated to untreated control.\
(D and E) Representative images and quantification of xenograft tumor response to local delivery of drugs alone and in combination with NRG1β and HGF proteins. Reservoirs loaded with pure PEG polymer served as a control. Sectioned tissue surrounding the implantable nanodosing device (red boxes) is stained for CC3 and Ki67 to assess apoptosis and proliferation, respectively. Graphs show mean and SEM normalized signal intensity of the tumor region adjacent to treatment reservoirs (BT474, n = 4; JIMT1, n = 3).](nihms957758f3){#F3}

![HER2E and L-HER2+ Lines Show Differential Reliance on MAPK and PI3K Signaling\
(A) Log-scale mRNA expression of *ERBB3* and *MET* in a panel of HER2+ cell lines. Enlarged spots indicate cell lines used in [Figure 3A](#F3){ref-type="fig"}.\
(B) Quantification of western blot protein analysis of HER3 and MET levels in eight cell lines (BR = 3). Average HER3 levels are significantly reduced in HER2E compared with L-HER2+ (\*p = 0.012).\
(C) Ratio of *ERBB3* and *MET* mRNA expression in human breast cancer tumors defined as HER2E and L-HER2+ by TCGA.\
(D) Mean log mRNA counts and SEM (n = 8) of eight L-HER2+ cell lines and eight HER2 lines and expression of FOXA1 and EGFR.\
(E) RPPA time course of AU565 and HCC1954 cells treated with 250 nM lapatinib. The y axis shows mean (n = 3) signal intensity of each phospho-protein versus its respective total protein, with each signal normalized to its DMSO-treated control cohort at each time point, representing change in protein activity over 72 hr of treatment. The top three proteins are canonical constituents of the PI3K/MTOR pathway, the bottom three are canonical constituents of the MAPK pathway.\
(F) GI 50 graphs and SEM (n = 3) of CTG assays from HER2E and L-HER2+ cell lines treated for 72 hr with a dose range of lapatinib, trametinib, and the combination.](nihms957758f4){#F4}

![L-HER2+ and HER2E Lines Differ in Their Resistance Mechanisms to HER2 Inhibition\
(A) Mean cell count and SEM (n = 3) of eight HER2+ cell lines treated for 72 hr with combinations of 500 nM lapatinib, 500 nM crizotinib, 30 µg/mL pertuzumab, 50 ng/mL NRG1β, 50, and ng/mL HGF. PBS, DMSO, and human IgG isotype control were used as controls for growth factors, TKIs, and pertuzumab, respectively. Addition of NRG1β to lapatinib results in significantly increased cell counts in each L-HER2+ line compared with drug alone (\*\*\*\*AU565, p \< 0.0001; \*\*\*SKBR3, p =0.0003; \*\*\*BT474, p =0.0002; \*\*\*\*EFM192A, p\< 0.0001). Addition of HGF to neratinib results in significantly increased cell count in each HER2E line compared with drug alone (\*\*HCC1954, p = 0.0037; \*\*\*HCC-3153, p = 0.0002; \*\*\*JIMT1, p = 0.0001; \*\*21-MT1, p = 0.0045). Addition of pertuzumab to lapatinib plus NRG1β results in significantly decreased cell counts in each L-HER2+ line compared with lapatinib plus NRG1β alone (\*\*\*AU565, p = 0.0005; \*\*\*SKBR3, p = 0.0008; \*\*BT474, p = 0.0013; \*\*EFM192A, p = 0.0001). Addition of crizotinib to neratinib plus HGF results in significantly decreased cell counts in each HER2E line compared with neratinib plus HGF alone (\*\*\*HCC1954, p = 0.0006; \*\*\*\*HCC-3153, p \< 0.0001; \*\*\*\*JIMT1, p \< 0.0001; \*\*\*\*21-MT1, p \< 0.0001).\
(B) Maximum projection fluorescent images of SKBR3 and HCC1954 cells treated for 48 hr with combinations of 500 nM lapatinib and 12.5 ng/mL NRG1β. Cell nuclei imaged with DAPI (blue), β-tubulin (green), and HER2-HER3 heterodimers (red) imaged by PLA.\
(C) Mean and SEM of PLA spot counts for SKBR3 (n = 79, 93, 150, 54) and HCC1954 (n = 52, 60, 54) treated for 48 hr with DSMO, 12.5 ng/mL NRG1β, 500 nM lapatinib, and the combination. p value shows unpaired t test of significance. NS, not significant.](nihms957758f5){#F5}

![Association of PI3K Subunits with HER3 Regulated by NRG1 and HER2 Targeting Drugs\
(A) Heatmap of detection counts from mass spectrometry proteomic analysis of HER3 immunoprecipitation from AU565 cell lysate following 48 hr of treatment with 500 nM lapatinib, 50 ng/mL NRG1β, 25 µg/mL pertuzumab, and selected combinations. Each count is normalized to the detected quantity of HER3 in each treatment sample. Scale shows the ratio of individual protein count to HER3 count (BR = 3).\
(B) A simplified model of HER2 and HER3 dimerization on the cell surface when activated by NRG1β. This structure alters the conformation of the ATP-binding pocket on the HER2 cytoplasmic kinase domain to one to which lapatinib cannot readily bind.\
(C) Pertuzumab inhibits *cis*-phosphorylation of HER3 via separation of the cytoplasmic kinase domains. This structure returns the HER2 kinase domain conformation to one to which lapatinib can bind. Note that receptors remain linked under pertuzumab treatment.\
(D) Higher-order receptor structures overcome inhibition by pertuzumab via *trans*-phosphorylation of HER3 (orange dot).\
(E) The proposed mechanism for how pertuzumab and lapatinib combine to overcome *cis*- and *trans*-phosphorylation of HER3, respectively.](nihms957758f6){#F6}

###### 

L-HER2+ and HER2E Cell Lines Exhibit Differential Regulation of MAPK and Estrogen Receptor Pathways

  -------------------------------------------------------------------------------------------------------------------------------
  Enriched Gene Sets                                  L-HER2\    Set\   ES       NES      Nominal\   FDR\      FWER\     Rank\
                                                      or HER2E   Size                     P Value    Q Value   Q Value   at MAX
  --------------------------------------------------- ---------- ------ -------- -------- ---------- --------- --------- --------
  HALLMARK_ESTROGEN_RESPONSE_LATE                     L-HER2     197    0.399    1.435    0.003      0.080     0.179     3,898

  HALLMARK_KRAS_SIGNALING_DN                          L-HER2     196    0.376    1.340    0.003      0.098     0.75      3,186

  CHARAFE_BREAST_CANCER_LUMINAL_VS_MESENCHYMAL_UP     L-HER2     409    0.718    2.740    0.000      0.000     0         4,656

  CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_UP           L-HER2     331    0.723    2.728    0.000      0.000     0         3,968

  DOANE_BREAST_CANCER_ESR1_UP                         L-HER2     105    0.734    2.410    0.000      0.000     0         3,184

  SMID_BREAST_CANCER_ERBB2_UP                         L-HER2     137    0.640    2.171    0.000      0.000     0         3,999

  LIM_MAMMARY_LUMINAL_MATURE_UP                       L-HER2     112    0.585    1.948    0.000      0.004     0.108     4,358

  SMID_BREAST_CANCER_LUMINAL_B\_UP                    L-HER2     160    0.529    1.846    0.000      0.019     0.512     5,542

  HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION          HER2E      196    −0.674   −2.265   0.000      0.000     0         4,041

  HALLMARK_TNFA_SIGNALING_VIA_NFKB                    HER2E      189    −0.671   −2.226   0.000      0.000     0         4,687

  HALLMARK_KRAS_SIGNALING_UP                          HER2E      195    −0.579   −1.932   0.000      0.000     0         4,596

  CHARAFE_BREAST_CANCER_LUMINAL_VS_BASAL_DN           HER2E      421    −0.804   −2.875   0.000      0.000     0         3,540

  CHARAFE_BREAST_CANCER_LUMINAL_VS\_ MESENCHYMAL_DN   HER2E      431    −0.793   −2.855   0.000      0.000     0         3,662

  WU_CELL_MIGRATION                                   HER2E      175    −0.675   −2.230   0.000      0.000     0         3,196

  VANTVEER_BREAST_CANCER_ESR1_DN                      HER2E      226    −0.651   −2.191   0.000      0.000     0         5,062

  GO_EXTRACELLULAR_STRUCTURE_ORGANIZATION             HER2E      297    −0.553   −1.934   0.000      0.040     0.062     3,607
  -------------------------------------------------------------------------------------------------------------------------------

Table of selected significantly enriched gene sets (false discovery rate \[FDR\] q value \<25% and nominal p value \<0.01) for GSEA comparisons of eight L-HER2+ (AU565, SKBR3, BT474, EFM192A, EFM192B, EFM192C, UACC812, ZR7530) and eight HER2 cell lines (JIMT1, 21MT1, 21MT2, 21PT, 21NT, HCC1954, HCC3153, HCC1569). Table shows gene sets enriched in comparison of L-HER2+ versus HER2E and in the reverse comparison. ES, enrichment score; NES, normalized enrichment score; FWER, familywise error rate.

###### 

Key Resources Table

  REAGENT or RESOURCE                                                                       SOURCE                          IDENTIFIER
  ----------------------------------------------------------------------------------------- ------------------------------- ------------------------------------------------------------
  Antibodies                                                                                                                
  Cytokeratin 14 (clone LL002)                                                              Abcam                           Cat\#ab7800; RRID: AB_306091
  Cytokeratin 19 (clone RSK108)                                                             Dako                            Cat\#M088801-2; RRID: AB_2234418
  HER2 (clone 29D8)                                                                         Cell Signaling                  Cat\#2615; RRID: AB_560966
  HER2 (clone 3B5)                                                                          EMD Millipore                   Cat\#OP15F; RRID: AB_2246561
  pHER2 Y1221/1222 (clone 6B12)                                                             Cell Signaling                  Cat\#2243S; RRID: AB_490899
  HER3 (clone D22C5)                                                                        Cell Signaling                  Cat\#12708S; RRID: N/A
  pHER3 Y1298 (clone 21D3)                                                                  Cell Signaling                  Cat\#4791L; RRID: AB_2099708
  panAKT (clone C67E7)                                                                      Cell Signaling                  Cat\#4691; RRID: AB_915783
  pAKT S473 (clone D9E)                                                                     Cell Signaling                  Cat\#5012; RRID: AB_2224726
  S6 (clone 54D2)                                                                           Cell Signaling                  Cat\#2317; RRID: AB_2238583
  pS6 S235/236 (clone D57.2.2E)                                                             Cell Signaling                  Cat\#4803; RRID: AB_916158
  ERK1/2 (clone 137FS)                                                                      Cell Signaling                  Cat\#9101; RRID: AB_331646
  pERK1/2 T202/Y204 (clone D13.14.4E)                                                       Cell Signaling                  Cat\#4370; RRID: AB_2315112
  Cleaved caspase 3                                                                         Cell Signaling                  Cat\#9661; RRID: AB_2341188
  Ki67                                                                                      Cell Signaling                  Cat\#12202; RRID: AB_2620142
  IGF-1R                                                                                    Cell Signaling                  Cat\#9750; RRID: AB_10950969
  Tubulin beta-1                                                                            Santa Cruz                      Cat\#sc-9935 P; RRID: AB_2241172
  Chemicals, Peptides, and Recombinant Proteins                                                                             
  Lapatinib ditosylate HER2 inhibitor                                                       Selleckchem                     Cat\#S1028
  Neratinib HER2 inhibitor                                                                  Selleckchem                     Cat\#S2150
  Trametinib MEK inhibitor                                                                  Selleckchem                     Cat\#S2673
  Capecitabine MET inhibitor                                                                Selleckchem                     Cat\#S1156
  Crizotinib                                                                                Selleckchem                     Cat\#S1068
  Pertuzumab                                                                                OHSU Pharmacy                   NA
  Trastuzumab                                                                               OHSU Pharmacy                   NA
  Human IgG isotype control                                                                 Abcam                           Cat\#ab206195
  DMSO                                                                                      ThermoFisher                    Cat\#20688
  alamarBlue Cell Viability reagent                                                         ThermoFisher                    Cat\#DAL1025
  Matrigel                                                                                  BD Biosciences                  Cat\#354234
  Triton X-100                                                                              Sigma-Aldrich                   Cat\#X100-500ML
  ProteaseMax                                                                               ProMega                         Cat\#V2071
  Formic acid                                                                               ThermoFisher                    Cat\#28905
  Halt protease inhibitor                                                                   ThermoFisher                    Cat\#78430
  Nonidet-P40                                                                               ThermoFisher                    Cat\#28324
  Dharmafect                                                                                Dharmacon                       Cat\#T-2001-01
  DAPI FluoroPure grade                                                                     ThermoFisher                    Cat\#D21490
  Goat anti-Mouse IgG3 Alexa Fluor 488                                                      ThermoFisher                    Cat\#A-21151
  Goat anti-Mouse IgG1 Alexa Fluor 555                                                      ThermoFisher                    Cat\#A-21127
  Polyethylene glycol MW1450                                                                Polysciences                    Cat\#00679-250
  Trypsin .25%                                                                              ThermoFisher                    Cat\#25200056
  Recombinant human NRG1-β EGF domain                                                       R&D Systems                     Cat\#396-HB-050/CF
  Recombinant human HGF                                                                     R&D Systems                     Cat\#294-HG-005/CF
  \*All other MEMA protein information available online                                     Synapse                         <https://www.synapse.org/#!Synapse:syn2874083.3>
  Critical Commercial Assays                                                                                                
  Duolink Proximity Ligation Assay                                                          Sigma-Aldrich                   Cat\#DUO92101
  Click-iT EdU Alexa Fluor 647 Imaging Kit                                                  ThermoFisher                    Cat\#C10640
  BCA protein assay reagent                                                                 ThermoFisher                    Cat\#23225
  Deposited Data                                                                                                            
  MicroEnvironment MicroArray data for AU565 and HCC1954 control and lapatinib treatments   This paper                      <https://www.synapse.org/#!Synapse:syn7876903>
  RNAseq of breast cancer cell lines                                                        [@R10]                          GEO: GSE48213
  RPPA of breast cancer cell lines                                                          [@R33]                          <https://www.synapse.org/#!Synapse:syn2346643/wiki/232048>
  Experimental Models: Cell Lines                                                                                           
  Human: AU565                                                                              ATCC                            RRID: CVCL_1074
  Human: SKBR3                                                                              ATCC                            RRID: CVCL_0033
  Human: SKBR3-NucGFP                                                                       [@R30]                          NA
  Human: BT474                                                                              ATCC                            RRID: CVCL_0179
  Human: BT474-TRgf                                                                         Robert Kerbel, Giulio Francia   NA
  Human: EFM192A                                                                            DSMZ                            RRID: CVCL_1812
  Human: EFM192B                                                                            DSMZ                            RRID: CVCL_1813
  Human: EFM192C                                                                            DSMZ                            RRID: CVCL_1814
  Human: ZR-75-30                                                                           ATCC                            RRID: CVCL_1661
  Human: SUM190PT                                                                           Steve Ethier                    RRID: CVCL_3423
  Human: SUM225CWN                                                                          Steve Ethier                    RRID: CVCL_5593
  Human: HCC-202                                                                            ATCC                            RRID: CVCL_2062
  Human: HCC-1419                                                                           ATCC                            RRID: CVCL_1251
  Human: HCC-1569                                                                           ATCC                            RRID: CVCL_1255
  Human: HCC-1954                                                                           ATCC                            RRID: CVCL_1259
  Human: HCC-1954-NucGFP                                                                    [@R30]                          NA
  Human: HCC-2218                                                                           ATCC                            RRID: CVCL_1263
  Human: HCC-3153                                                                           UT-Southwestern                 RRID: CVCL_3377
  Human: 21NT1                                                                              Kornelia Polyak, Ruth Sager     NA
  Human: 21PT1                                                                              Kornelia Polyak, Ruth Sager     NA
  Human: 21MT1                                                                              Kornelia Polyak, Ruth Sager     RRID: CVCL_7931
  Human: JIMT1                                                                              DSMZ                            RRID: CVCL_2077
  Human: MDA-MB-361                                                                         ATCC                            RRID: CVCL_0620
  Human: MDA-MB-453                                                                         ATCC                            RRID: CVCL_0418
  Human: UACC-893                                                                           ATCC                            RRID: CVCL_1782
  Experimental Models: Organisms/Strains                                                                                    
  Mouse: SCID, SHO-*Prkdc^scid^ Hr^hr^*                                                     Charles River Laboratories      Strain Code: 474
  Mouse: NU(NCr)-Foxn1^nu^                                                                  Charles River Laboratories      Strain Code: 490
  Oligonucleotides                                                                                                          
  HER3 siRNA J-003127-10                                                                    Dharmacon                       Cat\#J-003127-10-0002
  HER3 siRNA J-003127-11                                                                    Dharmacon                       Cat\#J-003127-11-0002
  HER3 siRNA J-003127-12                                                                    Dharmacon                       Cat\#J-003127-12-0002
  HER3 siRNA J-003127-13                                                                    Dharmacon                       Cat\#J-003127-13-0002
  ON-TARGETplus Non-targeting siRNA                                                         Dharmacon                       Cat\#D-0008180-01-05
  Software and Algorithms                                                                                                   
  CellProfiler                                                                              [@R29]                          <http://cellprofiler.org/>
  Gene Set Enrichment Analysis                                                              Subramanian, Tamayo, et al.     <http://software.broadinstitute.org/gsea/index.jsp>
  gplots                                                                                    [@R58]                          <https://CRAN.R-project.org/package=gplots>
  QI Systems                                                                                Nederlof and Sudar, 2016        <http://www.qi-tissue.com/>
  Fiji                                                                                      [@R45]                          

###### Highlights

High-throughput assay to assess microenvironment (ME) impacts on drug resistanceL-HER2+ and HER2E cells differ in TKI sensitivity, pathway use, and ME influenceNRG1β and HGF reduce TKI efficacy in L-HER2+ and HER2E cells, respectivelyPertuzumab and crizotinib counter NRG1β- and HGF-induced TKI resistance, respectively

[^1]: Lead Contact
